Mono-, di-and trimethylated states of particular histone lysine residues are selectively found in different regions of chromatin, thereby implying specialized biological functions for these marks ranging from heterochromatin formation to X-chromosome inactivation and transcriptional regulation [1] [2] [3] . A major challenge in chromatin biology has centred on efforts to define the connection between specific methylation states and distinct biological readouts impacting on function 4 . For example, histone H3 trimethylated at lysine 4 (H3K4me3) is associated with transcription start sites of active genes [5] [6] [7] , but the molecular 'effectors' involved in specific recognition of H3K4me3 tails remain poorly understood. Here we demonstrate the molecular basis for specific recognition of H3(1-15)K4me3 (residues 1-15 of histone H3 trimethylated at K4) by a plant homeodomain (PHD) finger of human BPTF (bromodomain and PHD domain transcription factor), the largest subunit of the ATP-dependent chromatin-remodelling complex, NURF (nucleosome remodelling factor). We report on crystallographic and NMR structures of the bromodomain-proximal PHD finger of BPTF in free and H3(1-15)K4me3-bound states. H3(1-15)K4me3 interacts through anti-parallel b-sheet formation on the surface of the PHD finger, with the long side chains of arginine 2 (R2) and K4me3 fitting snugly in adjacent pre-formed surface pockets, and bracketing an invariant tryptophan. The observed stapling role by non-adjacent R2 and K4me3 provides a molecular explanation for H3K4me3 site specificity. Binding studies establish that the BPTF PHD finger exhibits a modest preference for K4me3-over K4me2-containing H3 peptides, and discriminates against monomethylated and unmodified counterparts. Furthermore, we identified key specificity-determining residues from binding studies of H3(1-15)K4me3 with PHD finger point mutants. Our findings call attention to the PHD finger as a previously uncharacterized chromatin-binding module found in a large number of chromatin-associated proteins.
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The packaging of DNA within chromosomes, the orderly replication and distribution of chromosomes, the maintenance of genomic integrity, and the regulated expression of genes depend upon nucleosomal histone proteins [8] [9] [10] [11] . Introduction of covalent histone modifications, ATP-dependent chromatin remodelling, and utilization of histone variants are three major mechanisms by which variation can be introduced into the chromatin fibre. Histones methylated at lysine residues constitute a key epigenetic indexing system, demarcating transcriptionally active from inactive chromatin domains in eukaryotic genomes [1] [2] [3] . In particular, H3K4me3 has been linked to transcriptional activation in a range of eukaryotic species [5] [6] [7] . Recently, the chromodomain protein CHD1 (refs 12-14) and WDR5, a WD40 repeat protein 15 , have been shown to target H3 methylated at K4. Because the trimethylated, rather than the dimethylated, form of K4 in H3 marks the transcription start site of eukaryotic genes, efforts have been made to identify and characterize a H3K4me3 reader. An accompanying paper 16 reports on the discovery of trimethylspecific H3K4me3 effectors: human BPTF and its orthologue, Drosophila NURF301, the largest subunit of NURF, the chromatinremodelling complex that has been shown to facilitate transcriptional activation [17] [18] [19] . Human BPTF and Drosophila NURF301 contain a bromodomainproximal PHD finger ( Fig. 1a and (Fig. 1b, left panel) . The chemical shift dependence of the amide resonance of Y17 as a function of added H3(1-15) peptides containing different K4 methylation states is plotted in Fig. 1b , right panel. These data establish that the BPTF PHD finger binds most tightly to H3(1-15)K4me3, somewhat weaker to H3(1-15)K4me2, and with the binding affinity decreasing further for the monomethylated and unmethylated states. Dissociation constants (K d ) and binding enthalpies (DH) have been estimated from calorimetric measurements with K d < 2.7 mM and DH < 2 13.1 kcal mol 21 for the H3K4me3 complex (Fig. 1c , left panel and Supplementary Fig. S5 ) and K d < 5.0 mM and DH < 2 12.1 kcal mol 21 for the H3K4me2 complex (Fig. 1c , right panel and Supplementary Fig. S5 ). Binding has also been monitored using surface plasmon resonance with binding decreasing in the order K4me3 . K4me2 . K4me1 (Fig. 1d) .
We have solved the 2.0 Å crystal structures (Supplementary  Table S1 ) of a PHD finger-linker-bromodomain fragment of BPTF (sequence in Fig. 2a ) in the free state ( We can readily and accurately trace the first six residues, A1-R2-T3-K4me3-Q5-T6, of the H3(1-15)K4me3 peptide in the complex ( Fig. 2d and Supplementary Fig. S7a ). This peptide segment is positioned on the surface of the BPTF finger (Figs 2e and 2f) through formation of an anti-parallel b-sheet with the K21 to D27 segment ( Fig. 3a) , stabilized by three direct hydrogen bonds between backbone amide and carbonyl groups involving the R2-T3-K4me3 segment. Notably, R2 and K4me3 are positioned in adjacent surface channels ( Fig. 2f ) separated by W32 (Fig. 2d , f), with this alignment facilitated by a hydrogen bond between the side chains of T3 and Q5 on the opposite side of the peptide backbone. The NMR complexation shifts are localized to the H3(1-15)K4me3-peptide-binding face of the PHD domain ( Supplementary Fig. S3b ).
The guanidinium group of R2 is directed towards G25 and is anchored in place through a number of direct and water-mediated hydrogen bonds involving its N1 and Nh protons and electrostatic interactions with D27 in the complex (Fig. 3b) . The trimethyl group of K4me3 is positioned within a cage of four aromatic amino acids (Fig. 3c) , of which Y23 forms the base and Y10, Y17 and W32 form three walls. The trimethyl ammonium group is stabilized by van der Waals and cation-p interactions, similar to earlier results in the H3K9me3-HP1 chromodomain complex [24] [25] [26] ( Supplementary  Fig. S8a, b) . There seem to be small conformational changes in the BPTF PHD finger on complex formation with H3(1-15)K4me3 peptide (stereo view in Fig. 3c) .
The structure of the complex also provides a likely explanation as to why the PHD finger of BPTF binds specifically to H3K4me3 but not to H3K9me3 or H3K27me3. The arrangement of W32-separated binding channels (Fig. 2d, f) requires that R2 and K4me3 be separated by one residue, as occurs for R2-T3-K4me3 but not for R8-K9me3 ( Supplementary Fig. S8c, d ) or R26-K27me3. We also note that the amino terminus of the peptide is anchored in position through a pair of hydrogen bonds from the NH 2 backbone to adjacent backbone carbonyls at the I48-D49 step (Fig. 3a) .
We have also solved the crystal structure of the PHD finger-linkerbromodomain fragment of BPTF in complex with H3(1-15)K4me2 peptide at 1.9 Å resolution (Supplementary Table S1 ). There is very good superposition (r.m.s.d. ¼ 0.12 Å for 176 Ca atoms) of the crystal structures of the H3(1-15)K4me3-bound and H3(1-15)K4me2-bound complexes (stereo view in Supplementary Fig. S9 ). The dimethylammonium group of K4me2 of this complex (Fig. 3e) is positioned within the aromatic-amino-acid-lined cage of the PHD finger in an orientation similar to that observed for the trimethylammonium group of K4me3 in its complex (Fig. 3d) . Importantly, the proton on the dimethylammonium group of K4me2 is linked through two bridging water molecules to the carboxylate of D6 ( Fig. 3e ; electron densities of bridging waters are shown in Supplementary Fig. S7b ). The modest reduction in calorimetrically measured binding affinity and enthalpy from the K4me3 complex to the K4me2 complex (Fig. 1c) might reflect the loss of p-stacking following replacement of a methyl group by a proton.
We have also solved the NMR structure of the BPTF PHD finger in the free state (superpositioned structures in Fig. 4a ; statistics in Supplementary Table S2 ) and when bound to H3(1-15)K4me3 peptide (superpositioned structures in Fig. 4b and Supplementary  Fig. S10 ; statistics are in Supplementary Table S2 ). There is excellent correspondence between the recognition features observed in the crystalline and solution states with r.m.s.d. values (51 Ca backbone atoms) of 1.35 Å for the free BPTF PHD finger and 1.42 Å for the complex with bound H3(1-15)K4me3.
We have generated and purified point mutations of amino acids lining the K4me3-binding aromatic cage (Y10, Y17, Y23 and W32) and adjacent R2-binding channel (G25, D27 and Q30) of the BPTF PHD finger and estimated their impact on H3(1-15)K4me3 binding affinity by fluorescence polarization (Fig. 4e) and surface plasmon resonance (Fig. 4f ) measurements. Fluorescence polarization measurements establish that aromatic cage mutants have an impact on binding affinity (Fig. 4e) , with values dropping from K d ¼ 1.6^0.1 mM for wild-type to 10.0^0.8 mM for Y17T, 34.4^1.1 mM for W32F, 40.3^4.5 mM for Y10T and 59.7^8.3 mM for Y23S mutants. Thus, it seems that the aromatic cage residues, especially tryptophan at position 32, are critical for recognition. Y17, which is the least affected, varies the most among PHD finger homologues ( Supplementary Fig. S11a ). Corresponding reductions in binding affinity are also observed for R2-binding channel mutants, with values of 7.5^0.4 mM for Q30K, 6.2^0.3 mM for G25L, 15.8^1.1 mM for G25E, 24.6^0.6 mM for D27N and 59.2^3.4 mM for D27A mutants. Positions G25 and Q30 are also known to vary among PHD finger homologues ( Supplementary Fig. S11a ), whereas the more pronounced effect of D27 mutants suggests that this residue contributes critical electrostatic and hydrogen-bonding contacts within the R2 pocket. Surface plasmon resonance measurements yield a similar overall trend in reduced binding affinity (Fig. 4f) .
The linker connecting the PHD and bromodomains of BPTF ( Supplementary Fig. S12a ) adopts an a-helical conformation between residues 54-65 in both the free (Fig. 2b) and H3(1-15)K4me3 peptidebound (Fig. 2c) states. This solvent-exposed a-helix projects a hydrophilic surface with its N terminus fixed due to coordination involving the second zinc (stereo view in Supplementary Fig. S12b ). Residues 66-71 adopt an extended conformation that forms extensive hydrogen bonds with elements of the bromodomain, with further stabilization associated with burial of L69, a conserved hydrophobic residue (Supplementary Fig. S12b ).
Acetylated lysines in histone tails form complexes with bromodomains, an extensive family of protein modules ( Supplementary  Fig. S13a ) found in histone acetyltransferases 27, 28 . Structural studies of acetylated lysine-containing histone peptides in complex with bromodomains have enriched our understanding of the molecular basis of ligand selectivity 29, 30 . The BPTF bromodomain superimposes well with the reported structure of yeast GCN5 bromodomain bound to H4K16ac peptide 30 (r.m.s.d. ¼ 0.88 Å for 100 Ca atoms) (Supplementary Fig. S13b) . The extent to which paired PHD fingerbromodomain in BPTF recognizes combinatorially methyl and acetyl marks in one or multiple tails, in keeping with the histone code hypothesis, remains to be determined.
Our work has provided the structural basis for substrate recognition by a tri-and dimethylated lysine-specific binding module: the PHD finger of BPTF/NURF301. The current working model, supported by the functional data in an accompanying paper 16 , is that PHD finger-mediated binding of BPTF/NURF301 to H3K4me3 tails stabilizes the NURF complex on chromatin, resulting in NURFcatalysed nucleosome sliding and activation of HOX genes. As PHD fingers appear in a wide range of chromatin-associated proteins 31 , we anticipate that our complementary structural and functional studies will pave the way for new initiatives on these modification-binding modules and shed light on their role in a wide variety of proteins associated with chromatin, its remodelling and transcriptional regulation.
METHODS
Protein and peptide preparation. The preparation and purification of the BPTF PHD finger and dual PHD finger-bromodomain, as well as isotope labelling with 15 N and 13 C, 15 N of the PHD finger for NMR studies and selenomethionine labelling of the dual PHD finger-bromodomain for X-ray studies, are described in detail in Supplementary Methods. Unmodified and methylated K4-modified H3 peptides and their carboxy-terminal fluoresceinand biotin-labelled counterparts were prepared and purified at our Institutional Core Facilities and their methylation states confirmed by mass spectroscopy. NMR assignments, complex formation and structure determination. NMR experiments and data processing that result in backbone and side-chain resonance assignments of 13 C, 15 N-labelled BPTF PHD finger in the absence and presence of H3(1-15)K4me3 peptide, and structure determination computations for the PHD finger in free and H3(1-15)K4me3 peptide-bound states (statistics provided in Supplementary Table S2) are described in detail in Supplementary Information.
The NMR titration protocols for monitoring complex formation between the BPTF PHD finger and H3 K4 peptides as a function of methylation state are described in detail in Supplementary Information. Crystallization, data collection and structure determination. Crystallization conditions, MAD data set collection of the free Se-Met-labelled BPTF PHD fingerchromodomain, as well as its complex with H3(1-15)K4me3 and H3(1-15)K4me2 peptides, and processing of data sets are described in detail in Supplementary Information.
The free form crystal belongs to space group P2 1 2 1 2. MAD phasing and initial automatic model building were performed with the program Solve/Resolve, followed by structure refinement and model rebuilding using the programs CNS and O, respectively. The model of free protein was determined at 2.0 Å against the Se-MAD peak data set with final R work /R free of 21.7/23.4. The H3(1-15)K4me3 and H3(1-15)K4me2 complex crystals belong to space group P2 1 with three molecules in one asymmetric unit. The structure of the H3(1-15)K4me3 complex was solved by molecular replacement using Molrep in the CCP4 software package with the free protein as a search model. The model was refined to R work /R free 19.8/22.7 at 2.0 Å by CNS. The structure of the H3(1-15)K4me2 complex was solved by difference Fourier synthesis using the CNS program with the H3(1-15)K4me3 complex structure as the starting model. The model was refined to R work /R free of 20.0/22.0 at 1.9 Å by CNS. Detailed refinement statistics are summarized in Supplementary Table S1 . Additional protocols. The protocols for fluorescence polarization, surface plasmon resonance and isothermal titration calorimetry measurements of the energetics of complex formation between H3K4me3 peptide as a function of methylation state and PHD mutants are described in detail in Supplementary Information.
